Experimental as well as clinical studies demonstrate that the immune system plays a major role in controlling generation and progression of tumors. The cancer immunoediting theory supports the notion that tumor cell immunogenicity is dynamically shaped by the immune system, as it eliminates immunogenic tumor cells in the early stage of the disease and then edits their antigenicity. The end result is the generation of a tumor cell population able to escape from immune recognition and elimination by tumor infiltrating lymphocytes. Two major mechanisms, which affect the target cells and the effector phase of the immune response, play a crucial role in the editing process. One is represented by the downregulation of tumor antigen (TA) processing and presentation because of abnormalities in the HLA class I antigen processing machinery (APM). The other one is represented by the anergy of effector immune infiltrates in the tumor microenvironment caused by aberrant inhibitory signals triggered by immune checkpoint receptor (ICR) ligands, such as programmed death ligand-1 (PD-L1). In this review, we will focus on tumor immune escape mechanisms caused by defects in HLA class I APM component expression and/or function in different types of cancer, with emphasis on head and neck cancer (HNC). We will also discuss the immunological implications and clinical relevance of these HLA class I APM abnormalities. Finally, we will describe strategies to counteract defective TA presentation with the expectation that they will enhance tumor recognition and elimination by tumor infiltrating effector T cells.
Introduction
The cancer immunoediting theory highlights the notion that tumor cells progressively develop molecular mechanisms to evade immune recognition and elimination by host's immune system [1] . In this setting, the immune system can readily detect and eliminate malignant cells at initial stages of the disease when they are immunogenic. However, tumors are shaped by selective pressure to downregulate immunogenic stimuli, one of which is diminishing antigen processing and presentation. Tumor antigen presentation is of particular interest among tumor immunologist and clinical oncologists because of the crucial role of this process in the generation of TA-specific adaptive immune responses [2] [3] [4] , as well as initiating TA antibody-based immunotherapies where monoclonal antibodies (mAbs) enhance immune adaptive responses through upregulating NK cell activation, Th1 cytokine secretion and dendritic cell (DC) TA cross-presentation [5] .
Abnormalities in antigen processing and HLA class I mediated antigen presentation are clinically relevant since they have been associated with the clinical course of the disease in many types of cancers including HNC [6, 7] . Furthermore, clinical responses to TA-specific T cell-based passive immunotherapies have been limited [2] despite the presence of TAspecific cytotoxic T lymphocytes (CTL) in the tumor microenvironment. These otherwise counterintuitive results are most likely caused by abnormalities in tumor cell APM component expression and/or function [8] [9] [10] [11] . Therefore, characterization of the molecular defects in HLA class I APM components becomes important in order to design rational strategies to counteract the mechanisms that tumor cells utilize to evade immune recognition and lysis by host's immune system.
In this review, we will briefly describe antigen processing and presentation in the normal state and describe its defects in malignancies including HNC, review the APM and HLA class I mutational landscape with particular focus in HNC taking advantage of the large cohort of tumor specimens annotated in The Cancer Genome Atlas (TCGA). We will also comment on the immunological significance of APM defects as a means of resistance to CTL mediated lysis, describe the clinical importance of HLA class I APM defects and finally discuss some approaches to reverse APM-dependent mechanisms of tumor immune evasion.
HLA class I antigen processing and presentation
In normal cellular physiology proteins are degraded by two major pathways: the ubiquitinproteasome pathway and the lysosomal pathway [12] . While the lysosomal pathway mostly degrades external proteins taken up by endocytosis or recycled internal proteins loading the final peptides onto HLA class II molecules, the proteasomal pathway degrades intracellular proteins through ubiquitination and loads the final peptide product generated by the proteasome onto HLA class I molecules [13, 14] . A major exception to this rule is a process called cross-presentation, where external proteins taken up by professional antigen presenting cells entering to the lysosomal pathway get access to the HLA class I pathway [15] .
The complex process of ubiquitination is a multi-step tandem enzymatic reaction involving 3 crucial catalytic proteins: E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme) and E3 (substrate specific ubiquitin ligase) that covalently link a 76-residue polypeptide to free amino groups on the target protein [16] . Once tagged, the target proteins are degraded by the proteasome. The proteasome is a multimeric protein complex formed by the 20S catalytic core, which has two outer rings of 7 α-subunits (α1-α7) and two inner rings of 7 β-subunits (β1-β7); two regulatory 19S particles sit on both ends of the core. Importantly, 3 β-subunits: β1, β2 and β5 are replaced by the interferon-γ (IFNγ) inducible subunits: low molecular weight protein-2, 7 and 10 (LMP2, LMP7 and LMP10), respectively. The replacement of the above mentioned subunits at the catalytic core form the immunoproteasome [17, 18] . This structure generates different antigenic peptides with high affinity for HLA class I alleles [19, 20] . Once these immunogenic peptides are generated, they are transported to the endoplasmic reticulum (ER) by transporter of antigen processing (TAP), which is formed by two non-covalently linked subunits TAP1 and TAP2. The assembling of TAP1 and TAP2 forms a pore on the ER membrane allowing the protein to enter the ER lumen [21] [22] [23] . Peptides that enter the ER lumen are loaded onto nascent HLA class I heavy chains, which are associated with β2-microglobulin chains, with the assistance of four chaperones: calnexin, ERp57, calreticulin and tapasin. The HLA class I complex is subsequently loaded with the peptide by tapasin (Fig. 1) [24-27]. The stabilized trimeric complex: HLA class I heavy chain, β2-microglobulin and peptide, now transverses the Golgi apparatus, shuttles to the cell membrane and fuses with it so the HLA class I peptide complex is exposed extracellularly and can be recognized by the cognate T cell receptor (TCR) on CD8 + T cells. An intact, stepwise progression of this pathway is required in order for the immunogenic peptide to reach the surface loaded onto HLA class I molecules and interact with CD8 + T cells. If any of the steps is disrupted in tumor cells, antigen presentation does not occur, leading to an impaired TA-specific CTL recognition and subsequent lysis [28] .
Defects in HLA class I and APM components in tumor cells
Abnormalities of the APM machinery have been identified in many types of cancer including HNC. Most of them take place at the genetic or epigenetic level, however, there is also evidence of defects at the transcriptional and post-translational level, as follows:
Proteasome defects
Abnormalities in expression and function of the IFNγ inducible subunits LMP2, LMP7 and LMP10 have been described in HNC [11, 29] [39] as well as melanoma [40, 41] . The molecular basis for these defects has been described for certain types of cancer. For instance, gastric cancer shows microsatellite mutations at the gene encoding LMP7 and single nucleotide polymorphisms for LMP2 and LMP7 have been detected in the case of cervix malignancies [42] . Loss of LMP2 upregulation after IFNγ treatment has been associated with defects in transcription factors such as interferon response factor 1 (IRF1) and signal transducer and activator of transcription (STAT1) binding to promoter sequences [43] . Furthermore, defects in Janus kinase 2 (JAK2) expression have been linked to lack of interferon-mediated upregulation of LMP2 and LMP10 in melanoma [44] .
Defects in TAP1, TAP2 and chaperones
Downregulation of TAP1 and TAP2 at the mRNA and protein level in cell lines and primary tumors has been documented for HNC [11, 29, [45] [46] [47] [39] and melanoma [40, 41, [49] [50] [51] . Interestingly, IFNγ treatment restored TAP expression in several cell lines where it was downregulated [52] [53] [54] . However, this effect was impaired in those cells with loss of JAK2 expression [44] . Therefore, JAK2 presents as a crucial mediator in IFNγ pathway activation and HLA class I upregulation. Additionally, genetic mutations at the TAP loci that impair normal protein expression or function have been reported in cervix, colorectal, gastric and lung carcinomas [33, 34, 36, [55] [56] [57] .
As for chaperones expression and function, calnexin, tapasin and ERp57 have been shown to be downregulated in HNC (maxillary sinus and larynx carcinomas) as well as in esophagus, colon, prostate, cervix and breast cancer and melanoma [29, 32, 34, 36, 39, 42, 49, 58, 59] . Additionally, a defective IFNγ signaling has been associated with low tapasin expression in melanoma cells [44] . However, more interesting is the finding of an irreversible tapasin frameshift mutation in metastatic melanoma cells that is associated with HLA-A3 gene expression selective epigenetic unresponsiveness to IFNγ, which is reversible only after DNA methyltransferase I depletion [60] . Thus, these results suggest the rational use of demethylating agents in order to increase HLA class I antigen presentation and stimulate CTL specific responses.
Defects in HLA class I molecules
Complete absence of HLA class I expression on the cell membrane has been linked with β2-microglobulin mutations and defects in peptide synthesis and transport that are concomitantly found with defects in expression of LMP, TAP and chaperones, leading to a defective peptide loading of HLA molecules and instability of the HLA class I-peptide trimolecular complex. Interestingly, HLA class I and β2-microglobulin defects can only be overcome with gene transfection, and defects in APM components can induce a very marked downregulation in HLA class I expression which can be corrected with IFNγ treatment. Defects in HLA class I expression have been described in HNC, esophagus, gastric and colon carcinomas as well as in melanoma [31, 33, 36, [61] [62] [63] [64] [65] [66] [67] . Likewise, partial mutations in the HLA loci have been detected in laryngeal cancer [68, 69] colon, cervical carcinoma and melanoma [56, 65, 70] .
Mutational landscape of HLA class I and APM components in human tumors
In order to further extend the in vitro findings of the abnormalities in the expression of HLA class I APM components described in the previous section herein we address the APM mutational landscape in human cancers taking advantage of the well annotated TCGA database with particular focus in squamous cell carcinomas of the lung and the head and neck. In the setting of lung carcinomas, a recent study profiled 178 tumor specimens and showed previously unreported loss-of-function mutations in the HLA class I gene locus in 3% of the specimens analyzed, with the alterations being mostly non-sense and splice site mutations [71] . Similarly, in the setting of HNC a recently published study reported that 3% of the specimens (n = 279) had mutations in the HLA-A, HLA-B and B2M loci [72] , however this report did not further address if other APM components were concomitantly altered. We further analyzed TCGA database for genetic alterations in APM components (LMP2, LMP7, LMP10, TAP1, TAP2, Tapasin, Calreticulin, Calnexin, ERp57, β2-microglobulin) and HLA class I loci (HLA-A, HLA-B and HLA-C). Interestingly, we found that 20% of specimens (55/279) harbored genetic alterations in APM components and HLA class I genes ( Fig. 2A) , being HLA-A, HLA-B, TAP2 and LMP7 the most frequently mutated genes (4%, respectively). Importantly, the HLA-A and HLA-B loci had almost exclusively truncating mutations, while the TAP1 and TAP2 loci harbored an equivalent frequency of point mutations (missense and non-sense mutations) and gene amplification mutations ( Fig. 2A) . Moreover, we found that patients who did not have alterations in APM components and HLA class I loci showed longer disease free survival than those who did (53 vs. 32 months median months disease free survival, respectively. P = 0.178) (Fig. 2B ), while overall survival did not show a significant difference (data not shown). Interestingly, when we analyzed the tendency of mutation co-occurrence, we found that mutations in the TAP1, TAP2 and TAPBP (Tapasin) as well as HLA-A and HLA-B loci had a statistically significant co-occurrence odds ratio (Table 1) . Therefore, genetic alterations in the APM components and HLA class I are somewhat frequent in the TCGA cohort (20% out of 279 specimens) and clinically important as a potential prognostic biomarkers for survival in HNC patients, or resistance to immunotherapy.
Immunological consequence of APM defects
Since antigen processing and presentation is a crucial event for the initiation of effector adaptive immune responses, defects in APM components and HLA class I mediated antigen presentation will most likely impair the effector phase of CTL dependent antitumor immune responses. Indeed, as we previously reported, tumor cells express tumor antigen peptides loaded onto HLA class I molecules, however, they were not sufficient to stimulate specific CTL responses, as determined by IFNγ secretion or specific target tumor cell lysis [47] . Interestingly, only when tumor targets were pulsed with exogenous antigen-derived peptide or incubated with IFNγ, they were capable of eliciting an effective CTL activation, which suggests that tumor cells may load defective or non-immunogenic peptides onto HLA class I molecules, most likely due to defects in APM components reflecting deficiencies in the generation, transport or loading of immunogenic endogenous peptides [47, 54] . In fact, it has been shown that proteasome abnormalities can diminish or suppress the degradation of cytosolic proteins and generation of antigenic peptides. Moreover, alterations in the conformation of the immunoproteasome could lead to aberrant peptide generation ultimately affecting the tumor cell antigen repertoire. Likewise, TAP and chaperone defects could lead to deficient transport of peptides into the ER lumen and affect HLA class I loading and structural stabilization and complex expression on the cell surface.
In addition, as evidence of the immunological relevance of APM defects, several reports demonstrate that the expression of APM components correlates with the extent of CD8 + T cell infiltration in HNC and other malignancies [29, 41, 58, 59, 73] . Some other reports showed that impaired antigen recognition by CD8 + T lymphocytes is associated with low expression of APM components [47, 74] . Importantly, the integrity of APM components is not only important for initiating an effective adaptive immune response through the generation of proper immunogenic peptides but also for maintaining normal cellular processes such as degradation of misfolded proteins, relieving ER stress and therefore inhibiting ER-stress induced apoptosis. In this scenario, tumor cells must retain these basic survival functions that the APM is responsible for, but downregulate or suppress those more specialized functions that are involved in the generation of immunogenic peptides. This exquisite regulation of expression may lead to a negative immune selection, where those tumor cells with selective non-essential APM defects survive and present HLA class I loaded with antigen peptides to CD8 + T cells and are subject to immunoediting. While those with extensive abnormalities in the proteasome-dependent protein degradation pathway and APM undergo apoptosis [75] .
Noteworthy, HNC becomes a model of tumor immune evasion not only because its chemical as well viral etiology but also because it harbors immunoescape mechanisms shared by many cancer types. This is particularly true, regarding downregulation of HLA class I antigen presentation since it overexpresses the epidermal growth factor receptor (EGFR) which leads to the overactivation of multiple oncogenic downstream pathways [76] . One downstream signal is the activation of protein tyrosine phosphatase non-receptor type 11 (PTNP11), best known as src homology containing protein 2 (SHP2). EGFR-dependent SHP2 overactivation downregulates STAT1 mediated synthesis of HLA class I molecules and APM components by two mechanisms. First, by directly dephosphorylating phospho-STAT1, and second, by enhancing mitogen activated protein kinase (MAPK) pathway mediated APM component downregulation [76] [77] [78] . Indeed, experimental depletion of SHP2 induced upregulation of APM components, specific HLA class I TA presentation and generation of TA specific CTL [77] .
Clinical significance and strategies to reverse APM defects
The findings presented in this review support the notion that downregulation of APM components and HLA class I antigen presentation is a common mechanism of immune evasion shared by many cancers. However, more important is to investigate whether these defects can influence the course of the disease. Several lines of evidence support the fact that abnormalities in APM components correlate with disease aggressiveness and clinicopathological outcome. In this regard, TAP1 has been shown to be an independent prognostic factor for metastases in melanoma [41] . Additionally, reduced HLA class I expression associates with advanced stage disease [40] . In the setting of HNC it has been reported that downregulation of LMP2, TAP1, TAP2 and tapasin varies from 18 to 80% in clinical specimens [11, 58, 79] . Moreover, Ogino et al. reported that expression level of LMP2, LMP7, TAP1, TAP2 and HLA class I predicts patient survival [58] , where higher expression of APM components correlates with better survival. Additionally, the expression level of LMP7 in HNC specimens has been inversely associated with disease recurrence [11] . Therefore, these findings support the view that APM component abnormalities seen in vitro can affect the clinical outcome of disease and emerge as a possible prognostic biomarker of disease.
In addition, specific CTL-mediated tumor cell recognition plays a pivotal role initiating adaptive immune responses not only by mediating lysis of tumor targets but also expanding the antitumor immune response by secreting Th1 type cytokines, which will most likely activate antigen presenting cells in the tumor microenvironment and expand effector T cell activation. Hence, strategies to counteract tumor cell escape from T cell recognition become important. In the setting of HNC, defects in APM components are functional rather than structural in most of the cases, since IFNγ treatment could restore TAP function [6, 80] and induce HLA class I dependent CTL activation and specific tumor cell lysis [54] . Therefore, strategies to enhance IFNγ signaling or alternatively STAT1 activation may be important in order to rescue immunogenic antigen presentation. As discussed previously, the EGFR becomes a readily targetable molecule to inhibit since its activation diminishes STAT1 phosphorylation via upregulation of the phosphatase SHP2. Indeed, as we recently reported, cetuximab-mediated specific EGFR blockade increased expression of APM components, TAP1 and TAP2 as well as HLA class I molecules through upregulation of IFNγ receptor I (IFNγRI) on the cell surface and subsequently STAT1 phosphorylation. Additionally, cetuximab treatment enhanced EGFR specific CTL recognition and restored tumor cell HLA class I expression in vitro. Importantly, these findings were more prominent in clinical responders than in non-responders to cetuximab therapy [81] . Moreover, we recently found that EGFR blockade could also downregulate PD-L1 surface expression in tumor cells [82] , therefore diminishing the otherwise aberrant co-inhibitory signal 2 mediated by ligation of its cognate receptor programmed death 1 (PD-1) expressed in effector T cells. Importantly, we should emphasize that anti-PD-1/PD-L1 therapy would not be as successful without an effective signal 1, which involves a fully functional APM, tumor antigen processing and presentation. Consequently, reversing tumor cell downregulation of APM components by indirectly upregulating STAT1 activation and downregulating PD-L1 mediated suppression through EGFR blockade presents as a useful, clinically relevant strategy to overcome tumor immune escape.
Conclusions
The limited efficacy of conventional therapies including chemoradiotherapy and surgery in most types of cancer support the development of alternative strategies to overcome tumor proliferation. Overall, the findings presented in this article argue in favor of immunotherapy as a means to enhance adaptive immune responses in order to control tumor progression. T cell based immunotherapies have gained interest in the last decade due their success in tumor eradication in animal models, however their efficacy in the treatment of human cancers has not been as compelling [83, 84] . This discrepancy may be due to a defective antigen presentation on the tumor end. In fact, as discussed here, abnormalities in APM components and HLA class I expression is the rule rather the exception in various types of cancers including HNC. Further characterization of these defects at the basic and clinical level may bring up new strategies to reverse defective antigen processing and presentation and enhance efficacy of specific tumor antigen vaccines and T cell-based immunotherapies that will ultimately rely in the onset of a strong and long-lasting adaptive effector immune response against tumors. Antigen processing machinery (APM) components. Normal cells process intracellular ubiquitinated proteins tagged for degradation via the proteasome generating peptide fragments that are loaded onto nascent HLA class I molecules inside the endoplasmic reticulum (ER). Antigen presentation on the cell surface requires intact APM machinery in order to stimulate specific CD8 + T cell effector responses.
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Fig. 2.
The cancer genome atlas (TCGA) mutational landscape of APM components in head and neck cancer. (A) TCGA data from 279 HNC specimens with whole sequencing and copy number alterations (CNA) was accessed via the cBio portal (www.cbioportal.org). 20% of specimens (55/279) harbored genetic alterations in the APM gene sequences queried. An OncoPrint view was generated for each gene queried, the most altered APM genes were TAP2 (4%), TAP1 (3%), HLA-A and HLA-B (3% respectively) and PSMB7 (LMP7, 3%). Interestingly the mutations found in the HLA-A and HLA-B loci were almost exclusively truncating or missense mutations (black and green slots, respectively) while for the rest of the APM genes queried were mostly gene amplifications or deletions (red and blue slots, respectively). B2M, β2-microglobulin; TAPBP, tapasin; CANX, calnexin; CALR, calreticulin; PDIA3, ERP57; PSMB2, LMP2; PSMB7, LMP7; PSMB10, LMP10. (B) Disease free Kaplan-Meier survival curve of 276 HNC tumor specimens annotated in the TCGA with clinical data available showed that cancer patients with no genetic alterations in the APM components had better prognosis than those who had alterations (53.09 vs. 32.82 median months disease free). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 1 Co-occurring mutations in APM components. TAP1-TAP2, TAP1-TAPBP, TAP2-TAPBP and HLA-A-HLA-B showed a highly significant tendency towards co-occurring mutations as quantified by Log Odds Ratio and Fisher's exact test (P < 0.0001). 
